NASA 

Technical 

Paper 

3168 


March 1992 


Installation Effects of 
Wing-Mounted Turbofan 
Nacelle-Pylons on a 
1/17-Scale, Twin-Engine, 
Low-Wing Transport Model 


Odis C. Pendergraft, Jr., 
Anthony M. Ingraldi, 
Richard J. Re, 
and Timmy T. Kariya 






NASA 

Technical 

Paper 

3168 


1992 

Installation Effects of 
Wing-Mounted Turbofan 
Nacelle-Pylons on a 
1/17-Scale, Twin-Engine, 
Low-Wing Transport Model 


Odis C. Pendergraft, Jr., 
Anthony M. Ingraldi, 
and Richard J. Re 
Langley Research Center 
Hampton, Virginia 

Timmy T. Kariya 
ViGYAN, Inc. 

Hampton, Virginia 


NASA 

National Aeronautics and 
Space Administration 

Office of Management 

Scientific and Technical 
Information Program 


Abstract 

A twin-engine, low- wing transport model, with 
a supercritical wing of aspect ratio 10.8 designed 
for a cruise Mach number of 0.77 and a lift coef- 
ficient of 0.55, was tested in the Langley 16-Foot 
Transonic Tunnel. The purpose of this test was to 
compare the wing-nacelle interference effects of flow- 
through nacelles simulating superfan engines (very 
high bypass ratio (BPR « 18) turbofan engines) 
with the wing-nacelle interference effects of current- 
technology turbofan engines (BPR « 6). Forces 
and moments on the complete model were measured 
with a strain-gage balance, and extensive external 
static-pressure measurements (383 orifice locations) 
were made on the wing, nacelles, and pylons of the 
model. Data were taken at Mach numbers from 0.50 
to 0.80 and at model angles of attack from —4° to 8°. 
Test results indicate that flow-through nacelles with 
a very high bypass ratio can be installed on a low- 
wing transport model with a lower installation drag 
penalty than for a conventional turbofan nacelle at a 
design cruise Mach number of 0.77 and lift coefficient 
of 0.55. 

Introduction 

Aircraft manufacturers have focused much of 
their research and development efforts on improv- 
ing the performance of commercial transport aircraft 
by increasing the aerodynamic efficiency, by utiliz- 
ing turbofan engines with improved (lower) specific 
fuel consumption (SFC), and by improving the in- 
stalled performance of the turbofan engine nacelles. 
The airframe- associated improvements stem from ad- 
vances in structural materials, machining methods, 
and computer-aided design techniques that have al- 
lowed the use of more efficient, high-aspect-ratio (ra- 
tio of wing span squared to wing area) wings. The 
propulsion-related improvements in turbofan engine 
efficiency are primarily a result of an increase in the 
ratio of fan flow to engine core flow (i.e., bypass ratio 
(BPR)); thus, marked decreases in SFC are provided. 
Consequently, the current design trends for commer- 
cial aircraft are toward higher turbofan engine bypass 
ratios (increased nacelle diameter relative to thrust) 
and higher wing aspect ratio (reduced wing chord rel- 
ative to wing span and area, ref. 1). As a result, na- 
celle sizes have grown much larger with respect to the 
wing chord and could result in large nacelle- wing mu- 
tual interference effects for low- wing transports with 
conventional underwing nacelle-pylon layouts. Inter- 
ference caused by this type of installation may de- 
grade the performance of the new supercritical wing 
airfoils (which are much more sensitive to small flow 
disturbances) by causing premature shock formation 


and flow separation on the wing, which leads to se- 
vere drag penalties. These penalties may be large 
enough to negate the decrease in SFC realized from 
increased BPR. 

Since the early 1980’s, Langley Research Cen- 
ter has been investigating the problems and solu- 
tions related to the installation of twin turbofan na- 
celles on transport-type aircraft with supercritical 
airfoil wings. Previous investigations with a 1 /24- 
scale high-wing transport model (refs. 2 to 10) were 
conducted in the Langley 16- Foot Transonic Tunnel 
at Mach numbers from 0.40 to 0.85 and at angles 
of attack from —4° to 6°. The wing of this model 
had a quarter-chord sweep of 30°, a wing aspect 
ratio of 7.52, and a design cruise Mach number of 
0.80. However, the flow-through nacelles tested on 
this model represented turbofan engines with lower 
bypass ratios (BPR = 4 to 6), and the wing aspect 
ratio was low relative to current-technology designs. 
Additionally, the high-wing design of this model is 
not typical of current and future commercial trans- 
port designs, which have predominantly low-wing lo- 
cations. Therefore, a new model based on the re- 
sponse of the airframe industry to the fuel crisis of 
the late 1970’s — designed to obtain better fuel econ- 
omy by cruising at a slightly lower Mach number 
(Mdes = 0.77) — was fabricated. The model design in- 
corporated a high-aspect-ratio wing (10.795) with a 
quarter-chord sweep of 21.0°. On this model, flow- 
through nacelles for engines with very high bypass 
ratios (BPR = 10 to 20) were tested to determine 
the best location and orientation on the supercriti- 
cal wing for minimum drag of the wing-body-nacelle 
combination. This model had sufficient pressure in- 
strumentation to provide details of the flow around 
the nacelles, pylons, and wing; therefore, perfor- 
mance differences between various nacelle installa- 
tions indicated by aerodynamic force and moment 
data could be explained. 

The present investigation was conducted to exam- 
ine the aerodynamic characteristics of this new wind- 
tunnel model and to compare the installed inter- 
ference effects of current-technology turbofan-engine 
(BPR « 6) nacelles with the installed interference 
effects of turbofan engine nacelles with very high by- 
pass ratios (BPR « 18). 

Symbols and Abbreviations 

ATF advanced turbofan-engine nacelle 

(BPR « 6) 

BL model buttline (lateral dimension 

from centerline of model, positive in 
spanwise direction), in. 



BPR bypass ratio (ratio of fan mass flow 

to primary, or core, mass flow) 

b wing span, in. 

Cd drag coefficient, 

Hood 

A Cj) increment of drag coefficient pro- 

duced by installation of nacelle- 
pylon combination 

Cjj i nacelle internal-drag coefficient 

Cl lift coefficient, 

C m pitching-moment coefficient (posi- 

tive nose up), Pltchi ^ oment 

C p static-pressure coefficient, p 

c chord measured in wing reference 

plane, in. 

c mean aerodynamic chord, in. 

config. configuration 

FS fuselage station (axial dimension 

measured from nose of model, 
positive toward tail), in. 

/nac nacelle incidence angle relative to 

fuselage centerline in pitch (positive 
for nacelle nose up), deg 

LE leading edge 

M Mach number 


p static pressure, lb/in 2 

qoo free-stream dynamic pressure, 

lb/in 2 

R radius, in. 

S wing reference area, in 2 

SF-1 superfan engine nacelle 

(BPR « 18) — configuration 1 

SF-2 superfan engine nacelle 

(BPR « 18) — configuration 2 

T nac nacelle toe-in angle relative to 

fuselage centerline in yaw (positive 
for nacelle nose toward fuselage), 
deg 

t/c thickness-to-chord ratio 

typ. typical 


WL water line (vertical dimension, pos- 

itive up, from fuselage centerline), 
in. 

WRP wing reference plane 

x local axial distance, in. 

y local lateral distance, in. 

z local vertical distance, in. 

a model angle of attack, deg 

rj wing semispan location, y/(b/ 2) 

poo air density, lb/in 3 

<j> meridian angle measured about 

centerline of nacelle (advances 
clockwise from zero at top of nacelle 
when looking upstream), deg 

Subscripts: 

des design cruise point 

div drag divergence 

MAC mean aerodynamic chord, in. 

oo free stream 

Apparatus and Procedure 

Wind Tunnel and Model Support 

The present investigation was conducted in the 
Langley 16-Foot Transonic Tunnel. This facility is 
a single-return, continuous-flow, atmospheric wind 
tunnel with a test section of octagonal cross section 
and a throat cross-sectional area of 199.15 ft 2 . The 
31-ft-long test section (maximum length at subsonic 
speeds) has slots located at the corners of the octagon 
that vent the test section to a surrounding plenum 
to provide transonic capability. Test-section airspeed 
is continuously variable between Mach numbers of 
0.20 and 1.30 with an accuracy of ±0.005. The wall 
divergence in the test section is adjusted as a function 
of the airstream dew point and Mach number to 
minimize any longitudinal static-pressure gradients 
in the test section. The model was sting mounted and 
held near the test-section centerline at all angles of 
attack by the support-system arrangement. Further 
information on the wind tunnel and model support 
equipment can be found in references 11 and 12. 

Model 

The sketch and photograph in figure 1 show the 
basic research transport model in the clean- wing con- 
figuration (without nacelles), including overall di- 
mensions. This model is a 1/17-scale representation 
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of a 150-passenger, twin-engine transport designed 
to cruise at = 0.77 and C l = 0.55. The wing 
and all three nacelle designs were furnished by air- 
frame and engine companies in cooperative programs 
with NASA. Since only the interference effects of 
the nacelle-pylon installation on the wing were be- 
ing studied, no attempt was made to add tail sur- 
faces to the model. Instead, a simple afterbody was 
used to fair the cylindrical midsection into the base 
surrounding the model support sting. 

Fuselage. The geometry and coordinates of the 
fuselage nose and afterbody sections are shown in 
figure 2(a). The fuselage is 80.0 in. long, has a 
maximum diameter of 9.0 in., and is made up of an 
ellipsoidal nose profile with circular cross sections, a 
cylindrical midsection, and an afterbody of elliptical 
cross sections. The afterbody keel profile is shown in 
figure 2(b), which also depicts the sting cavity and 
the fuselage base. 

Wing. The planform geometry of the wing as 
shown in figure 3(a) has a span of 79.668 in., an as- 
pect ratio of 10.795, a taper ratio of 0.275, and a 
quarter-chord sweep of 21.0°. The quarter-chord di- 
hedral of the wing reference trapezoid is 5.78°, and 
the wing reference plane (WRP) intersects the verti- 
cal plane of symmetry of the model at WL = —1.370 
(1.370 in. below the fuselage centerline). In the plan- 
form view, the leading edge of the wingtip is rounded 
with a cubic curve between the wing leading edge and 
the outermost wing section. (See inset of fig. 3(a).) 

Representative airfoil sections and their span lo- 
cations for the wing, with their relative positions to 
the wing reference plane, and the chord dimension 
for each section are shown in figure 3(b). Table I 
gives the airfoil ordinates for the sections shown in 
figure 3(b). 

The airfoil sections inboard of 77 = 0.400 were 
designed to reduce overall pitching-moment coeffi- 
cient C m characteristics of the wing by adding load- 
ing to the lower leading-edge region and removing 
aft loading on the inboard wing. This additional for- 
ward loading reduces lower-surface velocities between 
0 percent and 40 percent chord and results in smaller 
leading-edge radii for these inboard airfoil sections, 
which helps control the stall characteristics of the 
clean wing. 

The airfoil contouring should also reduce the 
adverse interference effects caused by nacelle-pylon 
installation by compensating for the typical flow ac- 
celerations in the wing-pylon junction. The distribu- 
tions of twist and maximum thickness ratio for the 
model wing are shown in figure 3(c). 


Wing- fuselage fairings. The geometry of the 
fairings used to provide smooth transition shapes and 
to control boundary-layer growth and separation in 
the wing-fuselage juncture is shown in figure 4. An 
overall view of the bottom and side of the fairings is 
displayed in figure 4(a); the sections for the forward 
fairings and the aft fairings are shown in figures 4(b) 
and 4(c). 

Nacelle-pylon installations. Sketches of the 
flow-through advanced turbofan (ATF) nacelle, 
which represents an engine with a bypass ratio of 
about 6, are shown in figures 5(a) and (b). Fig- 
ure 5(c) is a photograph of the model with ATF 
nacelles installed in the Langley 16-Foot Transonic 
Tunnel. This configuration represents a current- 
technology turbofan and served as the baseline for 
the investigation. The two primary components of 
the nacelle are the fan cowl and the core cowl. 

The major dimensions of the ATF nacelle fan 
cowl and core cowl are shown in figure 5(a). The 
internal and external cross-sectional shapes of the 
ATF nacelle fan cowl are symmetric about the nacelle 
centerline in the vertical plane and nonsymmetric 
about the nacelle centerline in the horizontal plane. 
The ATF nacelle core cowl is axisymmetric about the 
nacelle centerline. 

The part of the pylon that attaches the fan cowl 
to the core cowl has a cross-sectional shape that is 
symmetric about the nacelle centerline in the vertical 
plane. The pylon cross-sectional shape, along with 
coordinates of a typical section 2.613 in. above the 
nacelle centerline, is shown in figure 5(b). The cross- 
sectional shape inside the fan cowl is similar, but it 
has a shorter flat midsection. The pylon for the ATF 
nacelle has a leading edge that extends from the top 
of the fan cowl — rl.463 in. aft of the fan cowl lip — and 
intersects the wing lower surface just below and aft 
of the leading edge. The pylon trailing edge, starting 
with the pylon shelf, extends from the trailing edge 
of the nacelle core cowl at an angle of 5° and then 
sweeps upward at an angle of 39° to intersect the 
wing lower surface at about the 75-percent-chord 
location. The cross-sectional shape of the pylon in 
a horizontal plane has a rounded leading edge with 
slightly diverging flat-sided extensions that fair into 
a typical trailing-edge shape. 

A sketch of a flow-through nacelle that represents 
a very high bypass ratio (BPR « 18) or superfan 
engine nacelle, designated as SF-1, is shown in fig- 
ures 6(a) and (b). Figure 6(c) is a photograph of 
the model with SF-1 nacelles installed in the Langley 
16- Foot Transonic Tunnel. The two primary compo- 
nents of the SF-1 nacelle are the fan cowl and the 
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centerbody. Included in the sketch of figure 6 (a) are 
the major dimensions of the fan cowl and the cen- 
terbody of the SF-1 nacelle. Both components of 
the SF -1 nacelle are axisymmetric about the nacelle 
centerline. The centerbody represents the fan spinner 
and gas generator with the core flow cross-sectional 
area removed. 

The pylon for the SF -1 nacelle has a leading 
edge that extends from the top of the fan cowl — 
1.395 in. aft of the fan cowl lip — -and intersects the 
wing lower surface just below and aft of the leading 
edge. The pylon trailing edge, starting with the 
pylon shelf, extends from the trailing edge of the 
nacelle centerbody at an angle of — 3 °, 0 °, or 3 °, 
depending on nacelle incidence angle / nac , and then 
sweeps upward at an angle of 40° to intersect the 
wing lower surface at about the 75-percent-chord 
location. A typical cross-sectional shape (a modified 
NAC A 0012 airfoil section with flat-sided extensions 
at the airfoil maximum thickness) with coordinates 
is shown in figure 6 (b) for a section passing through 
the upper fan-cowl exit lip. The cross-sectional shape 
above the fan cowl is similar but has a longer flat 
midsection extension. 

A sketch of a flow-through nacelle that represents 
an alternate design of a superfan engine nacelle with 
a very high bypass ratio (BPR « 18), designated as 
SF-2, is shown in figures 7(a) and (b). Figure 7(c) is a 
photograph of the model with SF-2 nacelles installed 
in the Langley 16-Foot Transonic Tunnel. The three 
primary components of the SF-2 nacelle are the fan 
cowl, the core cowl, and the centerbody. 

The major dimensions of the SF -2 nacelle fan 
cowl, core cowl, and centerbody are indicated in 
figure 7(a). While the cross-sectional shapes of the 
centerbody and the core cowl are axisymmetric about 
the nacelle centerline, the fan cowl is symmetric 
about the nacelle centerline in the vertical plane 
and nonsymmetric about the nacelle centerline in the 
horizontal plane. 

The struts that attach the nacelle fan cowl to 
the centerbody are aligned with the centerline of 
the nacelle in the vertical plane, and the struts 
that connect the nacelle core cowl to the centerbody 
extend in the horizontal plane. These struts have 
a chord length of 2 in. and a cross-sectional shape 
defined as airfoil section NACA 0018. 

The pylon for the SF -2 nacelle has a leading edge 
that extends from the top of the fan cowl, 0.467 in. 
aft of the fan-cowl lip, and extends over the top 
of the wing leading edge. The pylon trailing edge 
extends from the trailing edge of the nacelle fan cowl 
without bifurcating the fan flow duct; the trailing 


edge follows the estimated shape of the fan plume 
aft of the fan-cowl trailing edge. The pylon shelf 
sweeps upwards at 3°, and the pylon trailing edge 
intersects the wing trailing edge at a sweep angle of 
25°. The cross-sectional shape of the pylon is shown 
in figure 7(b) along with coordinates for a section 
located just above the maximum diameter of the fan 
cowl, 3.383 in. above the nacelle centerline. 

Instrumentation 

The model was completely metric and contained a 
conventional six-component strain-gage balance that 
measured overall aerodynamic forces and moments. 
The balance moment center was located slightly aft 
of the quarter-chord of the wing mean aerodynamic 
chord (fuselage station 41.902) at fuselage station 
(FS) 42.760, BL 0.000, and WL 0.000. (See fig. 1 (a).) 
The model angle of attack was measured with an 
electronic attitude transmitter mounted in the model 
nose. 

Chordwise pressure distributions were measured 
on the left upper wing surface at 8 spanwise stations 
and on the left lower wing surface at 10 stations. The 
spanwise locations of the orifice rows are indicated in 
figure 8 , and table II provides the orifice locations at 
each span station. Table II gives the fuselage station 
location for each orifice relative to the model nose 
as well as the local value of x/c . This information 
establishes the spatial relationship between the wing 
surface pressures and the nacelle- pylon pressures. 

The orifices on the lower surface were concen- 
trated in the vicinity of the nacelle-pylon installa- 
tion locations rj of 0.340 and 0.400, so that local flow 
phenomena around the pylons and nacelles could be 
examined in greater detail. Although the orifices 
were spread more uniformly on the upper surface, 
two rows of taps were located at the nacelle-pylon 
installation locations of 0.340 and 0.400. 

The orifice rows at span stations 0.200, 0.463, 
0.550, 0.700, and 0.900 contained 25 taps; each row 
included one orifice at the leading edge and 12 on 
the lower and upper surfaces. At span stations 
0.277 and 0.400, there were 45 taps in each orifice 
row, including one orifice at the leading edge and 
22 on each surface. The lower-surface orifice rows 
at 77 = 0.310, 0.375, and 0.428 and the upper-surface 
row at 77 — 0.340 contained 23 taps. Several orifices 
were omitted at various locations on the upper sur- 
face, because they were located near model-part in- 
terfaces or attachment points. 

Nacelle- pylon surface pressures were measured 
only on the right-hand nacelle. One row of orifices 
was installed along either side of the pylon as shown 
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in figure 9. All three nacelle configurations were in- 
strumented with longitudinal orifice rows in the key 
meridian planes. (See fig. 9.) The meridian an- 
gle advances clockwise from 0° at the top of the na- 
celle when viewing the right-hand engine installation 
from the rear (see rear view). For all three nacelle 
configurations, the fan cowls were instrumented with 
orifice rows at (f) = 30°, 90°, 180°, 270°, and 330°. 
The core cowls of the ATF and SF-2 nacelles and 
the aft portion of the SF-1 centerbody were simi- 
larly instrumented. The forward portion of the SF-2 
centerbody had orifice rows at (j> = 0° and 180°. In- 
ternal orifices on the ATF nacelle were located on 
the fan cowl at <fi = 0°, 90°, 180°, and 270°, while the 
SF-1 nacelle had internal orifices on the fan cowl at 
<\) = 30°, 90°, 180°, 270°, and 330°. For the SF-2 na- 
celle, internal orifices were located on the fan cowl at 
4> = 90° and 270° and on the core cowl at (j) = 0° and 
180°. The rear- view sketches in figure 9 also show the 
position of the wing with respect to the nacelle and 
pylon. The locations of the orifices on the pylons and 
nacelles for the ATF, SF-1, and SF-2 configurations 
are given in tables III, IV, and V. 

All pressure measurements on the wing, pylon, 
and nacelle were made with 13 electronically scan- 
ning pressure modules mounted in the hollow, remov- 
able nose section of the model. Each module contains 
32 individual pressure transducers capable of being 
recorded simultaneously. This instrumentation ar- 
rangement required only soft, flexible, electrical wires 
to be routed across the balance and through the sup- 
port system; therefore, mechanical restraint on the 
model is minimized. Pressures were measured at 16 
positions on the fuselage base and in the sting cavity 
(fig. 2(b)) by individual pressure transducers located 
outside the tunnel test section. 

Tests 

This investigation was conducted at Mach num- 
bers from 0.50 to 0.80 and nominal angles of attack 
from —4° to a maximum of 8°, depending on bal- 
ance load limits and maximum lift coefficients de- 
sired. Mach number was varied in increments of 0.01 
near the design cruise point (Mj es = 0.77), and an- 
gle of attack was varied in 0.25° increments around 
the design cruise lift coefficient of 0.55 to obtain de- 
tailed information. Reynolds number based on the 
mean aerodynamic chord of the wing varied from 
2.0 x 10 6 to 2.7 x 10 6 , depending on Mach number 
and free- stream temperature. 

Aerodynamic force and pressure data were ob- 
tained for the clean- wing model (fig. 1) and for 
the model with the ATF, SF-1, and SF-2 nacelle- 
pylon configurations installed. All three nacelle- 


pylon configurations were tested at 77 = 0.400, and 
the ATF nacelle-pylon configuration was also tested 
at 77 = 0.340. The pylon-to-wing mounts allowed the 
nacelle toe-in T nac (positive for nacelle inlet tilted to- 
ward fuselage) to be set from 0° to 3° and allowed 
the nacelle incidence 7 nac relative to the fuselage 
centerline to be set from —3° (nacelle tilted nose 
down) to 4°. The nacelles were rotated for incidence 
and toe-in angles about the pivot point for each na- 
celle. (See figs. 5(a), 6(a), and 7(a).) 

On the upper and lower wing surfaces, the natu- 
ral transition location from laminar to turbulent flow 
was obtained by using photographic images of fluo- 
rescent oil flow on the wing surfaces. These images 
were used to position grit transition strips on the 
wing surfaces to obtain transition as far aft as pos- 
sible, to minimize boundary-layer thickness, and to 
still fix transition in one location for all test condi- 
tions. The application of the grit transition strips on 
the wing is shown in figure 10. Grit size was deter- 
mined from procedures in reference 13. 

Boundary-layer transition was fixed on the rest 
of the model by 0.1-in- wide strips of silicon carbide 
grit; these strips were sized and positioned by the 
methods of reference 13. A strip of No. 100 grit was 
applied 1.0 in. behind the fuselage nose. (See fig. 11.) 
Strips of No. 120 grit were placed 0.375 in. behind 
the fan-cowl leading edge on both the inner and outer 
surfaces for all three nacelle configurations. (See fig. 
12.) The same applications were made on the core 
cowls of the ATF and SF-2 nacelles. Strips of No. 
120 grit were placed 0.75 in. behind the centerbody 
nose for the SF-1 and SF-2 nacelles. No. 120 grit 
strips were also applied on the exterior of pylons as 
shown in figures 12(a), 12(b), and 12(c) for the ATF, 
SF-1, and SF-2 nacelles. 

Data Reduction 

All data from the model and wind tunnel were 
recorded simultaneously on magnetic tape. Averaged 
values were used to compute standard aerodynamic 
force and moment coefficients with the methods and 
equations of reference 14. The trapezoidal planform 
area of the wing and the mean aerodynamic chord 
were used as reference area and length, respectively. 
Resulting model force and moment coefficients were 
referred to the stability axis system; the moment 
reference center was located at the quarter-chord of 
the wing mean aerodynamic chord (FS 41.902). 

The model angle of attack was computed by cor- 
recting the averaged values from the electronic atti- 
tude transmitter for wind-tunnel upflow, which was 
determined from inverted-model, clean-wing runs. 
Sting-cavity and fuselage-base pressures were used to 
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correct the axial-force data for pressure forces acting 
on the fuselage base and in the sting cavity. 

The drag data were corrected for the internal drag 
of the nacelles, which was computed based on mea- 
sured internal-nacelle static pressures and external 
core-cowl or centerbody static pressures (ref. 15). 
The internal-drag correction method of reference 15 
was developed for single-flow nacelles. However, this 
method has also been applied to separate-flow na- 
celles. (See ref. 9.) The internal-drag calculations 
accounted for both the pressure and friction forces 
that were acting on the internal surfaces of the na- 
celles and portions of the pylons. In addition, pres- 
sure and skin-friction forces exerted on the external 
surface of the core cowls, centerbodies, and portions 
of the pylons that would be scrubbed by the fan jet 
were included in the internal-drag accounting proce- 
dure. The nacelle and pylon surfaces included in the 
internal-drag calculations are indicated in figure 13. 
The ATF nacelle-pylon surfaces used for internal- 
drag calculations were the inner surface of the fan 
cowl, the entire internal and external surface of the 
core cowl, and the pylon surface encompassed by the 
fan cowl. (See fig. 13(a).) The pylon surface that 
would be affected by the fan jet extended vertically 
at the fan-cowl exit from the fan-cowl inner surface 
to the external surface of the core cowl and main- 
tained this radial distance to the end of the core-cowl 
exit. For the SF-1 nacelle- pylon configuration, the 
inner surface of the fan cowl, the entire centerbody 
surface area, and the pylon surface encompassed by 
the fan cowl were used for internal-drag calculations. 
(See fig. 13(b).) The surface of the pylon outside the 
fan cowl that was included in friction calculations 
spanned vertically at the fan-cowl exit from the fan- 
cowl inner surface to the centerbody and maintained 
this radial distance to the end of the centerbody. The 
internal-nacelle surfaces of the SF-2 nacelle that were 
used for internal-drag calculations included the inner 
surface of the fan cowl, the external and internal sur- 
faces of the core cowl, the entire centerbody surface 
area, and all internal centerbody and core support- 
strut surfaces. (See fig. 13(c).) 

Presentation of Results 

The aerodynamic force and moment coefficient 
data and static-pressure coefficient data taken dur- 
ing the investigation are presented graphically in the 
figures. Although only part of the force and pressure 
coefficient data that were obtained are presented, the 
amount of plotted data presented is sufficient to eval- 
uate the interference effects of the nacelle installa- 
tions. The pressure plots are limited to the design 
cruise condition (Moo = 0.77 at Cl ~ 0.55) and to 
Mqo — 0-80 at Cl ~ 0.55, where the most severe 


flow problems are likely to occur. Additional static- 
pressure coefficient data and force and moment coeffi- 
cient data were obtained for the various combinations 
of nacelle incidence angle and toe-in angle at all the 
Mach numbers investigated. These results include 
data for the clean-wing configuration at Mach num- 
bers of 0.50, 0.60, 0.70, 0.73, 0.75, 0.76, 0.77, 0.78, 
0.79, and 0.80 and include data for configurations 
with nacelles and pylons installed at Mach numbers 
of 0.50, 0.70, 0.75, 0.76, 0.77, 0.78, and 0.80 for nom- 
inal angles of attack from —4° to 8 ° {Cl ~ 0.0 to 
0.8), depending on Mach number. 

The major results of the investigation are pre- 
sented in the following figures: 

Figure 


Nacelle internal-drag corrections 14 

Drag polars over the tested range of incidence 
angles and as toe angles for Moo — 0.77: 

ATF nacelle installed at rj = 0.34 ..... 15 

ATF nacelle installed at 77 = 0.40 16 

SF-1 nacelle installed at 77 = 0.40 17 

SF-2 nacelle installed at 77 = 0.40 18 

Aerodynamic force data for the clean-wing 


configuration compared with the data for the 


nacelle-on configurations: 

ATF nacelle installed at rj = 0.34 

and 77 = 0.40 19 

ATF, SF-1, and SF -2 installed 

at 77 = 0.40 20 

Drag increments for nacelles installed at 77 = 0.40 
and 0.34 for Moo = 0.77 and C L = 0.55 . . 21 

Drag rise at Cl = 0.55 for the clean- wing 
configuration and for nacelles installed 

at 77 = 0.40 22 

Comparison of the effects of nacelles installed at 
77 = 0.40 on the wing surface pressure 
coefficients: 

Moo = 0.50 and C L ~ 0.55 23 

Moo = 0.77 and C L ~ 0.55 ........ 24 

A /00 = 0.80 and Cl ~ 0.55 25 

Effects of nacelles installed at 77 = 0.40 on upper 
and lower surface pressure coefficients: 

ATF nacelle, M 00 = 0.77 and C L « 0.55 . . 26 

SF -1 nacelle, Moo = 0.77 and C L » 0.55 . . 27 

SF -2 nacelle, Mqo = 0.77 and Cl ~ 0.55 . . 28 

ATF nacelle, Mqo = 0.80 and Cl ~ 0.55 . . 29 

SF -1 nacelle, Mqo = 0.80 and Cl ~ 0.55 . . 30 

SF -2 nacelle, Mqo = 0.80 and Cl ~ 0.55 . . 31 

Local pressure effects for nacelles installed at 
77 = 0.40 for Mqo = 0.77 and Cl ~ 0.55: 

ATF nacelle 32 

SF -1 nacelle 33 

SF -2 nacelle 34 
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Discussion 

The computed internal-drag corrections de- 
creased substantially with increasing lift coefficient 
for all the nacelle installations tested. (The internal- 
drag coefficients shown in figure 14 represent the to- 
tal drag for two nacelles.) The large decrease in 
internal-drag coefficient versus Cl was the result of a 
favorable interaction of the wing lower-surface pres- 
sure field on the aft portions of the installed nacelle, 
as indicated by the positive C p values on the aft por- 
tions of the nacelle assemblies (figs. 32 to 34). This 
favorable interference increased with increasing lift 
coefficient. The combination of positive pressure co- 
efficients and aft- facing core-surface areas produced a 
negative internal-drag increment (internal thrust) for 
the aft nacelle regions. The internal drag calculated 
for the ATF nacelle installed at the rj = 0.34 and 
rj = 0.40 wing locations indicates that the net force 
acting on the “internal” surfaces of the nacelle was in 
the direction of thrust for lift coefficients above about 
0.15. Therefore, the corrected drag levels for the ATF 
nacelle installations increased in some instances when 
the nacelle internal-drag corrections were applied to 
the measured model drag. 

To determine the most favorable nacelle orienta- 
tion for each configuration, each nacelle installation 
was tested over a range of nacelle incidence and toe 
angles. The optimum settings for a given nacelle 
installation were established by comparing the drag 
data for the various settings and determining which 
combination of incidence and toe angles produced the 
lowest drag level at M 0 0 = 0.77 and Cl — 0.55 (the 
design cruise condition for the wing). In some cases, 
the selected optimum incidence settings occurred at 
either the maximum or minimum angle tested. In 
these instances, the true optimum incidence is not 
known, since data were not obtained at incidence 
angles that bracketed the selected “optimum” inci- 
dence. The drag data shown in figure 15 indicate 
that 1° toe and 3° incidence were the optimum set- 
tings for the ATF nacelle installed at 77 == 0.340. The 
difference in drag levels for the various toe and na- 
celle settings is about five drag counts or less at the 
cruise lift coefficient. For the ATF nacelle installed 
at r) = 0.400, figure 16 shows that the optimum toe 
and incidence settings were 1° and 4°, respectively. 
Again, the drag levels obtained for the various inci- 
dence and toe settings differ by only five drag counts 
or less at the cruise lift coefficient. Figure 16(a) indi- 
cates that the variation of the ATF nacelle toe angle 
between 1° and 3° resulted in negligible differences 
in drag at the cruise lift coefficient when the nacelle 
was installed at 77 = 0.400. Since the highest in- 
cidence setting tested for the ATF nacelle was 4° 


(fig. 16(b)), it is not known whether 4° is actually 
the optimum incidence setting for the ATF nacelle 
installed at 77 = 0.400. For the SF -1 nacelle installed 
at 77 = 0.400, the most favorable toe and incidence 
settings tested were 1° and —3°, respectively (fig. 17). 
The optimum settings tested for the SF-2 nacelle in- 
stalled at rj = 0.400 were 1° toe and 3° incidence. 
(See fig. 18.) The remaining figures and discussion 
concerning the nacelle installations are based exclu- 
sively on data obtained for the optimum toe and in- 
cidence settings for each nacelle. 

Figure 19 indicates that installation of the ATF 
nacelle at the 40.0-percent wing semispan location 
resulted in lower drag than at the 34.0-percent wing 
semispan location. This result is evident over the 
entire test range of Mach number and lift coefficient 
and may be the result of stronger adverse nacelle- 
pylon-fuselage interactions at the inboard location 
(77 = 0.340). The ATF nacelle installed at 77 = 0.340 
resulted in more negative pitching moment than the 
installation at 77 = 0.400. As indicated by the in- 
crease of C m with Cx, all the configurations were 
longitudinally unstable because of the lack of hori- 
zontal tail surfaces on the model. The loss of lift at a 
given angle of attack caused by the installation of the 
ATF nacelle was roughly equal for both installation 
locations. However, installation of nacelles produced 
an increase in lift-curve slope at all Mach numbers. 
The presence of the ATF nacelles delayed the onset 
of separation or reduced the extent of separation on 
the wing above Mqq = 0.77, as indicated by the ex- 
tended linear range of Cl and C m in figures 19(f) 
and 19(g) and by the more abrupt increase in the 
drag of the clean-wing configuration relative to the 
nacelle-installed configurations in the high-lift range. 

Figure 20 indicates that the model configuration 
with the SF -2 nacelle installed at the 40.0-percent 
wing semispan location produced the lowest drag of 
all the configurations over most of the Mach num- 
ber and lift range investigated. The drag coeffi- 
cient for the SF -2 nacelle configuration at cruise was 
about 41 drag counts higher than the clean- wing con- 
figuration drag coefficient for the same condition. 
This is a 13-percent increase in overall drag for the 
SF -2 configuration relative to the clean wing. At the 
cruise condition, the drag level for the SF-2 nacelle 
configuration was about 8 drag counts less than the 
drag for the ATF nacelle configuration and about 
15 drag counts less than that for the SF -1 nacelle 
configuration. (The ATF and SF -1 nacelle installa- 
tions resulted in drag increases of 15 and 18 percent, 
respectively, relative to the clean-wing configuration 
at the cruise point.) The SF-1 nacelle installation 
resulted in the greatest loss of lift relative to the 
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clean-wing configuration and had the highest over- 
all drag of the nacelle installations tested. The rel- 
atively low drag levels for the SF-2 nacelle installa- 
tion were unexpected, since the SF -2 nacelle is much 
larger than the ATF nacelle and since it could cre- 
ate more adverse interference and, therefore, higher 
installed drag. Figure 21 shows that the interfer- 
ence drag for the SF-2 nacelle installation is actu- 
ally lower than for the ATF nacelle configuration. 
The interference drag was calculated by subtracting 
the computed nacelle-pylon, flat-plate, skin-friction 
drag from the total drag increment for the nacelle 
installation. In addition to having the lowest in- 
stalled drag, the SF -2 nacelle configuration resulted 
in a higher drag-rise Mach number than either the 
clean-wing configuration or the other nacelle config- 
urations (fig. 22). Much of the improved performance 
with the SF-2 nacelle installation can probably be at- 
tributed to its pylon geometry. Unfortunately, there 
are several major geometry differences between the 
SF-2 nacelle- pylon and the other nacelle- pylons (i.e., 
pylon curvature and leading- and trailing-edge loca- 
tions); these differences make it difficult to determine 
which geometry feature was responsible for the im- 
proved drag performance. 

The attachment of the nacelle-pylon to the wing 
induced disturbances in the pressure distribution on 
the wing upper and lower surfaces relative to the 
clean- wing pressure distributions. For Mqq — 0.50 
and Cl ~ 0.55, the effects of the nacelles installed at 
rj = 0.400 on wing surface pressures were most notice- 
able between rj = 0.310 and r\ = 0.463 (fig. 23). The 
most obvious difference at M oo = 0.50 is the sub- 
stantial reduction in the leading-edge suction peak 
between 77 = 0.340 and 77 = 0.463. A portion of the 
decrease in leading-edge suction is a result of slight 
differences in lift coefficient for the different configu- 
rations, as shown in table VI, but most of the suc- 
tion loss is caused by the presence of the nacelles and 
pylons. Unexpectedly, the nacelle-pylon installations 
induced pressure disturbances on the lower surface of 
the wing that are less severe in magnitude than those 
on the upper surface of the wing. Apparently, the 
wing lower-surface contouring inboard of the 40.0- 
percent semispan location, which was intended to al- 
leviate the effects of nacelle- pylon installation, was 
successful. 

For a free-stream Mach number of 0.77 (the wing 
design Mach number, figs. 24 and 26 to 28), the na- 
celle installation affects a larger portion of the wing 
than at Moo = 0.50. At 77 = 0.200, all the nacelle 
installations induced higher velocities over the first 
30 percent of the wing upper surface, as indicated by 
the lower values of C p in that region. This effect is 


not nearly as pronounced at 77 == 0.277. At 77 = 0.277, 
the SF-2 nacelle installation induced higher velocities 
over the forward 30 percent of the wing upper sur- 
face than either the ATF or SF -1 nacelle installations. 
This result is probably caused by the extension of the 
SF-2 pylon up and over the leading edge of the wing. 
A similar effect is seen on the wing upper surface at 
the 34.0-percent semispan station. Outboard of the 
nacelle installation location (77 > 0.400), effects oppo- 
site of those noted inboard are observed. The nacelle 
installations induced lower velocities and higher pres- 
sures over the forward 40 percent of the wing upper 
surface at 77 = 0.463 and 77 = 0.55. The SF-2 nacelle 
installation had the largest effect at these locations. 
The pressure distributions on the lower surface of 
the wing at 77 = 0.375 indicate that the SF-2 nacelle 
installation induced lower pressures on the forward 
30 percent of the wing chord and higher pressures on 
the aft 70 percent. The ATF nacelle installation in- 
duced the highest velocities on the wing lower surface 
at 77 = 0.375 near 40 percent chord. Just outboard of 
the nacelle installation location (77 = 0.428), effects 
similar to those at 77 = 0.375 are observed. 


The flow field over the upper surface of the wing 
at Mqq = 0.80 is characterized by a shock structure 
located between 60 and 70 percent chord and extend- 
ing over most of the wing span. The nacelle instal- 
lations had varying but small effects on the shock 
strength and location (figs. 25 and 29 to 31) over the 
wing upper surface. The SF -2 nacelle installation at- 
tenuated the shock over the inboard portion of the 
wing, and the ATF nacelle installation appears to 
have increased the shock strength at the most out- 
board wing orifice row (77 = 0.900). These effects 
are indicative of the interference drag levels associ- 
ated with the SF-2 and ATF nacelle installations; the 
ATF nacelle installation has higher interference drag 
than the SF -2 nacelle installation (fig. 21 ), and the 
model with the SF-2 nacelles had the highest drag di- 
vergence Mach number (fig. 22). The lower-surface 
pressures for the stations nearest the nacelle-pylon 
location (77 = 0.375 and 77 = 0.428) further illustrate 
the adverse effects of the ATF nacelle installation rel- 
ative to the other nacelle installations (fig. 25). At 
77 — 0.375, inboard of the nacelle-pylon, a shock is ap- 
parent just past the 40-percent-chord location with 
the ATF nacelle installed. (The critical pressure co- 
efficient at Mqo = 0.80 is —0.44.) On the outboard 
side of the nacelle-pylon location at 77 = 0.428, there 
is no shock evident, but the ATF nacelle installation 
does induce higher velocities over the aft 60-percent 
wing chord than the SF-2 nacelle installation. 
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Concluding Remarks 

The installation of superfans (very high bypass 
ratio (BPR ^18) turbofans) on conventional trans- 
port configurations with a design cruise Mach num- 
ber of 0.77 does not present an insurmountable 
installation drag problem. Model test results with 
flow-through nacelles show that a superfan nacelle 
can be installed on a low-wing transport configura- 
tion and have a lower installation drag penalty than a 
conventional turbofan (BPR « 6) nacelle. One super- 
fan configuration resulted in a drag increase of 18 per- 
cent above the clean-wing drag at the design cruise 
point, while another superfan installation increased 
drag by 13 percent. The conventional turbofan na- 
celle installation had an installation drag penalty of 
15 percent at the cruise condition. Test results also 
indicate that pylon geometry is an important factor 
in the overall drag penalty associated with a given 
nacelle installation. 


NASA Langley Research Center 
Hampton, VA 23665-5225 
January 7, 1992 
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Table I. Wing Ordinates Relative to Wing Reference Plane 


BL = 3.278 | 77 = 0.082 | c = 

= 15.149 j 

LE at FS 32.855, WL -2.196 j 

Upper surface 

Lower surface 

x/c 

z/c 

x/c 

z/c 

0.0000 

0.0000 

0.0000 

0.0000 

0.0003 

0.0019 

0.0001 

-0.0063 

0.0006 

0.0032 

0.0003 

-0.0075 

0.0010 

0.0047 

0.0005 

-0.0085 

0.0015 

0.0061 

0.0009 

- 0.0100 

0.0022 

0.0079 

0.0015 

-0.0119 

0.0030 

0.0095 

0.0023 

-0.0140 

0.0041 

0.0115 

0.0034 

-0.0164 

0.0053 

0.0134 

0.0048 

-0.0189 

0.0068 

0.0155 

0.0065 

-0.0216 

0.0087 

0.0177 

0.0085 

-0.0244 

0.0108 

0.0200 

0.0109 

-0.0273 

0.0134 

0.0224 

0.0137 

-0.0303 

0.0164 

0.0249 

0.0169 

-0.0333 

0.0198 

0.0273 

0.0205 

-0.0364 

0.0236 

0.0297 

0.0246 

-0.0395 

0.0279 

0.0320 

0.0293 

-0.0427 

0.0327 

0.0341 

0.0344 

-0.0460 

0.0380 

0.0362 

0.0402 

-0.0494 

0.0440 

0.0382 

0.0465 

-0.0528 

0.0506 

0.0400 

0.0534 

-0.0563 

0.0580 

0.0416 

0.0611 

-0.0600 

0.0660 

0.0431 

0.0694 

-0.0638 

0.0748 

0.0444 

0.0786 

-0.0677 

0.0845 

0.0455 

0.0886 

-0.0718 

0.0950 

0.0464 

0.0996 

-0.0760 

0.1064 

0.0470 

0.1115 

-0.0804 

0.1188 

0.0473 

0.1244 

-0.0848 

0.1322 

0.0473 

0.1383 

-0.0894 

0.1467 

0.0471 

0.1534 

-0.0942 

0.1623 

0.0465 

0.1696 

-0.0990 

0.1791 

0.0455 

0.1870 

-0.1038 

0.1971 

0.0442 

0.2056 

-0.1088 

0.2162 

0.0425 

0.2255 

-0.1137 

0.2366 

0.0405 

0.2466 

-0.1186 

0.2582 

0.0381 

0.2690 

-0.1234 

0.2809 

0.0353 

0.2926 

-0.1281 

0.3049 

0.0322 

0.3173 

-0.1326 

0.3300 

0.0288 

0.3433 

-0.1370 

0.3561 

0.0250 

0.3703 

-0.1410 

0.3833 

0.0210 

0.3983 

-0.1447 

0.4113 

0.0168 

0.4271 

-0.1480 

0.4402 

0.0123 

0.4568 

-0.1509 

0.4697 

0.0076 

0.4870 

-0.1533 

0.4997 

0.0027 

0.5177 

-0.1552 

0.5302 

-0.0025 

0.5487 

-0.1566 

0.5608 

-0.0079 

0.5798 

-0.1573 

0.5915 

-0.0136 

0.6109 

-0.1574 

0.6221 

-0.0196 

0.6417 

-0.1569 

0.6524 

-0.0259 

0.6722 

-0.1556 

0.6823 

-0.0324 

0.7021 

-0.1538 

0.7116 

-0.0390 

0.7313 

-0.1514 

0.7402 

-0.0458 

0.7597 

-0.1486 

0.7680 

-0.0527 

0.7872 

-0.1455 

0.7948 

-0.0596 

0.8137 

-0.1422 

0.8206 

-0.0665 

0.8391 

-0.1390 

0.8453 

-0.0733 

0.8633 

-0.1359 

0.8689 

-0.0800 

0.8864 

-0.1330 

0.8913 

-0.0866 

0.9083 

-0.1304 

0.9125 

-0.0930 

0.9290 

-0.1281 

0.9324 

-0.0992 

0.9486 

-0.1262 

0.9511 

-0.1052 

0.9669 

-0.1246 

0.9686 

-0.1109 

0.9840 

-0.1234 

0.9850 

-0.1162 

1.0000 

-0.1225 

1.0000 

-0.1209 




BL = 4.521 | 77 = 0.114 | c = 

= 14.467 | 

LE at FS 33.537, WL -2.076 ; 

Upper surface 

Lower surface 1 

x/c 

z/c 

x/c 

z/c 

0.0000 

0.0000 

0.0000 

0.0000 

0.0003 

0.0019 

0.0001 

-0.0051 

0.0006 

0.0033 

0.0003 

-0.0063 

0.0010 

0.0046 

0.0005 

-0.0072 

0.0015 

0.0060 

0.0009 

-0.0086 

0.0022 

0.0076 

0.0015 

-0.0104 

0.0030 

0.0092 

0.0023 

-0.0123 

0.0041 

0.0111 

0.0034 

-0.0144 

0.0053 

0.0128 

0.0048 

-0.0167 

0.0068 

0.0147 

0.0065 

-0.0191 

0.0087 

0.0168 

0.0085 

-0.0216 

0.0108 

0.0189 

0.0109 

-0.0242 

0.0134 

0.0211 

0.0137 

-0.0269 

0.0164 

0.0234 

0.0169 

-0.0296 

0.0198 

0.0257 

0.0205 

-0.0324 

0.0236 

0.0279 

0.0246 

-0.0352 

0.0279 

0.0300 

0.0293 

-0.0381 

0.0327 

0.0321 

0.0344 

-0.0410 

0.0380 

0.0340 

0.0402 

-0.0440 

0.0440 

0.0359 

0.0465 

-0.0471 

0.0506 

0.0376 

0.0534 

-0.0503 

0.0580 

0.0393 

0.0611 

-0.0536 

0.0660 

0.0407 

0.0694 

-0.0570 

0.0748 

0.0420 

0.0786 

-0.0607 

0.0845 

0.0432 

0.0886 

-0.0644 

0.0950 

0.0442 

0.0996 

-0.0683 

0.1064 

0.0449 

0.1115 

-0.0724 

0.1188 

0.0455 

0.1244 

-0.0766 

0.1322 

0.0458 

0.1383 

-0.0809 

0.1467 

0.0458 

0.1534 

-0.0854 

0.1623 

0.0455 

0.1696 

-0.0899 

0.1791 

0.0450 

0.1870 

-0.0946 

0.1971 

0.0441 

0.2056 

-0.0993 

0.2162 

0.0429 

0.2255 

-0.1040 

0.2366 

0.0414 

0.2466 

-0.1087 

0.2582 

0.0395 

0.2690 

-0.1134 

0.2809 

0.0373 

0.2926 

-0.1180 

0.3049 

0.0348 

0.3173 

-0.1224 

0.3300 

0.0319 

0.3433 

-0.1266 

0.3561 

0.0288 

0.3703 

-0.1305 

0.3833 

0.0253 

0.3983 

-0.1341 

0.4113 

0.0216 

0.4271 

-0.1374 

0.4402 

0.0176 

0.4568 

-0.1402 

0.4697 

0.0133 

0.4870 

-0.1425 

0.4997 

0.0088 

0.5177 

-0.1443 

0.5302 

0.0040 

0.5487 

-0.1456 

0.5608 

- 0.0011 

0.5798 

-0.1462 

0.5915 

-0.0066 

0.6109 

-0.1463 

0.6221 

-0.0124 

0.6417 

-0.1457 

0.6524 

-0.0184 

0.6722 

-0.1444 

0.6823 

-0.0247 

0.7021 

-0.1426 

0.7116 

-0.0312 

0.7313 

-0.1404 

0.7402 

-0.0378 

0.7597 

-0.1377 

0.7680 

-0.0445 

0.7872 

-0.1347 

0.7948 

-0.0512 

0.8137 

-0.1317 

0.8206 

-0.0579 

0.8391 

-0.1286 

0.8453 

-0.0645 

0.8633 

-0.1257 

0.8689 

-0.0711 

0.8864 

-0.1229 

0.8913 

-0.0775 

0.9083 

-0.1205 

0.9125 

-0.0838 

0.9290 

-0.1183 

0.9324 

-0.0898 

0.9486 

-0.1165 

0.9511 

-0.0957 

0.9669 

-0.1151 

0.9686 

-0.1013 

0.9840 

-0.1140 

0.9850 

-0.1066 

1.0000 

-0.1131 

1.0000 

-0.1114 






Table I. Continued 


BL = 10.942 | rj = 0.275 | c = 

10.940 | 

LE at FS 37.064, WL -1.443 i 

Upper surface i 

Lower surface i 

x/c 

z/c 

x/c 

z/c 

0.0000 

0.0000 

0.0000 

0.0000 

0.0003 

0.0022 

0.0001 

-0.0024 

0.0006 

0.0034 

0.0003 

-0.0034 

0.0010 

0.0045 

0.0005 

-0.0041 

0.0015 

0.0056 

0.0009 

-0.0052 

0.0022 

0.0069 

0.0015 

-0.0064 

0.0030 

0.0081 

0.0023 

-0.0077 

0.0041 

0.0094 

0.0034 

-0.0090 

0.0053 

0.0107 

0.0048 

-0.0104 

0.0068 

0.0120 

0.0065 

-0.0118 

0.0087 

0.0135 

0.0085 

-0.0132 

0.0108 

0.0149 

0.0109 

-0.0146 

0.0134 

0.0164 

0.0137 

-0.0160 

0.0164 

0.0179 

0.0169 

-0.0174 

0.0198 

0.0194 

0.0205 

-0.0188 

0.0236 

0.0209 

0.0246 

-0.0202 

0.0279 

0.0224 

0.0293 

-0.0216 

0.0327 

0.0240 

0.0344 

-0.0232 

0.0380 

0.0256 

0.0402 

-0.0249 

0.0440 

0.0273 

0.0465 

-0.0267 

0.0506 

0.0290 

0.0534 

-0.0286 

0.0580 

0.0306 

0.0611 

-0.0306 

0.0660 

0.0322 

0.0694 

-0.0326 

0.0748 

0.0337 

0.0786 

-0.0349 

0.0845 

0.0353 

0.0886 

-0.0373 

0.0950 

0.0368 

0.0996 

-0.0399 

0.1064 

0.0382 

0.1115 

-0.0426 

0.1188 

0.0396 

0.1244 

-0.0454 

0.1322 

0.0409 

0.1383 

-0.0484 

0.1467 

0.0421 

0.1534 

-0.0515 

0.1623 

0.0432 

0.1696 

-0.0548 

0.1791 

0.0442 

0.1870 

-0.0581 

0.1971 

0.0451 

0.2056 

-0.0615 

0.2162 

0.0458 

0.2255 

-0.0649 

0.2366 

0.0463 

0.2466 

-0.0683 

0.2582 

0.0466 

0.2690 

-0.0717 

0.2809 

0.0466 

0.2926 

-0.0749 

0.3049 

0.0464 

0.3173 

-0.0780 

0.3300 

0.0460 

0.3433 

-0.0810 

0.3561 

0.0453 

0.3703 

-0.0836 

0.3833 

0.0442 

0.3983 

-0.0860 

0.4113 

0.0429 

0.4271 

-0.0879 

0.4402 

0.0412 

0.4568 

-0.0894 

0.4697 

0.0391 

0.4870 

-0.0904 

0.4997 

0.0365 

0.5177 

-0.0908 

0.5302 

0.0336 

0.5487 

-0.0907 

0.5608 

0.0302 

0.5798 

-0.0901 

0.5915 

0.0265 

0.6109 

-0.0889 

0.6221 

0.0224 

0.6417 

-0.0873 

0.6524 

0.0179 

0.6722 

-0.0853 

0.6823 

0.0132 

0.7021 

-0.0831 

0.7116 

0.0081 

0.7313 

-0.0807 

0.7402 

0.0029 

0.7597 

-0.0782 

0.7680 

-0.0025 

0.7872 

-0.0757 

0.7948 

-0.0079 

0.8137 

-0.0734 

0.8206 

-0.0135 

0.8391 

-0.0712 

0.8453 

-0.0190 

0.8633 

-0.0693 

0.8689 

-0.0246 

0.8864 

-0.0676 

0.8913 

-0.0300 

0.9083 

-0.0662 

0.9125 

-0.0354 

0.9290 

-0.0651 

0.9324 

-0.0406 

0.9486 

-0.0643 

0.9511 

-0.0458 

0.9669 

-0.0638 

0.9686 

-0.0509 

0.9840 

-0.0637 

0.9850 

-0.0560 

1.0000 

-0.0639 

1.0000 

-0.0608 




BL = 13.544 | tj = 

0.340 | c 

= 9.525 | 

LE at FS 38.490, WL -1.182 1 

Upper surface 

Lower surface j 

x/c 

z/c 

x/c 

z/c 

0.0000 

0.0000 

0.0000 

0.0000 

0.0003 

0.0024 

0.0001 

-0.0022 

0.0006 

0.0035 

0.0003 

-0.0033 

0.0010 

0.0047 

0.0005 

-0.0040 

0.0015 

0.0058 

0.0009 

-0.0051 

0.0022 

0.0070 

0.0015 

-0.0064 

0.0030 

0.0082 

0.0023 

-0.0077 

0.0041 

0.0096 

0.0034 

-0.0091 

0.0053 

0.0108 

0.0048 

-0.0105 

0.0068 

0.0122 

0.0065 

-0.0119 

0.0087 

0.0136 

0.0085 

-0.0134 

0.0108 

0.0150 

0.0109 

-0.0148 

0.0134 

0.0165 

0.0137 

-0.0162 

0.0164 

0.0180 

0.0169 

-0.0177 

0.0198 

0.0196 

0.0205 

-0.0191 

0.0236 

0.0211 

0.0246 

-0.0205 

0.0279 

0.0226 

0.0293 

-0.0220 

0.0327 

0.0242 

0.0344 

-0.0236 

0.0380 

0.0258 

0.0402 

-0.0253 

0.0440 

0.0275 

0.0465 

-0.0270 

0.0506 

0.0292 

0.0534 

-0.0288 

0.0580 

0.0308 

0.0611 

-0.0308 

0.0660 

0.0324 

0.0694 

-0.0327 

0.0748 

0.0340 

0.0786 

-0.0348 

0.0845 

0.0356 

0.0886 

-0.0370 

0.0950 

0.0371 

0.0996 

-0.0394 

0.1064 

0.0386 

0.1115 

-0.0418 

0.1188 

0.0400 

0.1244 

-0.0444 

0.1322 

0.0413 

0.1383 

-0.0470 

0.1467 

0.0426 

0.1534 

-0.0498 

0.1623 

0.0438 

0.1696 

-0.0526 

0.1791 

0.0449 

0.1870 

-0.0554 

0.1971 

0.0459 

0.2056 

-0.0583 

0.2162 

0.0467 

0.2255 

-0.0612 

0.2366 

0.0474 

0.2466 

-0.0640 

0.2582 

0.0479 

0.2690 

-0.0667 

0.2809 

0.0482 

0.2926 

-0.0692 

0.3049 

0.0483 

0.3173 

-0.0716 

0.3300 

0.0482 

0.3433 

-0.0737 

0.3561 

0.0479 

0.3703 

-0.0755 

0.3833 

0.0473 

0.3983 

-0.0770 

0.4113 

0.0464 

0.4271 

-0.0780 

0.4402 

0.0452 

0.4568 

-0.0785 

0.4697 

0.0437 

0.4870 

-0.0784 

0.4997 

0.0418 

0.5177 

-0.0779 

0.5302 

0.0395 

0.5487 

-0.0767 

0.5608 

0.0368 

0.5798 

-0.0750 

0.5915 

0.0338 

0.6109 

-0.0729 

0.6221 

0.0304 

0.6417 

-0.0703 

0.6524 

0.0267 

0.6722 

-0.0675 

0.6823 

0.0227 

0.7021 

-0.0645 

0.7116 

0.0184 

0.7313 

-0.0615 

0.7402 

0.0139 

0.7597 

-0.0586 

0.7680 

0.0092 

0.7872 

-0.0559 

0.7948 

0.0043 

0.8137 

-0.0535 

0.8206 

-0.0007 

0.8391 

-0.0515 

0.8453 

-0.0058 

0.8633 

-0.0498 

0.8689 

-0.0109 

0.8864 

-0.0485 

0.8913 

-0.0159 

0.9083 

-0.0476 

0.9125 

-0.0209 

0.9290 

-0.0471 

0.9324 

-0.0259 

0.9486 

-0.0470 

0.9511 

-0.0308 

0.9669 

-0.0474 

0.9686 

-0.0357 

0.9840 

-0.0481 

0.9850 

-0.0407 

1.0000 

-0.0491 

1.0000 

-0.0454 
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Table I. Continued 


BL = 14.902 | rj = 

0.374 | c 

= 8.857 

LE at FS 39.210, WL -1.051 ! 

Upper surface 

Lower surface 

x/c 

z/c 

x/c 

z/c 

0.0000 

0.0000 

0.0000 

0.0000 

0.0003 

0.0024 

0.0001 

-0.0022 

0.0006 

0.0036 

0.0003 

-0.0033 

0.0010 

0.0047 

0.0005 

-0.0040 

0.0015 

0.0059 

0.0009 

-0.0052 

0.0022 

0.0071 

0.0015 

-0.0064 

0.0030 

0.0083 

0.0023 

-0.0077 

0.0041 

0.0097 

0.0034 

-0.0091 

0.0053 

0.0109 

0.0048 

-0.0106 

0.0068 

0.0123 

0.0065 

-0.0121 

0.0087 

0.0137 

0.0085 

-0.0135 

0.0108 

0.0152 

0.0109 

-0.0150 

0.0134 

0.0167 

0.0137 

-0.0165 

0.0164 

0.0182 

0.0169 

-0.0179 

0.0198 

0.0197 

0.0205 

-0.0194 

0.0236 

0.0212 

0.0246 

-0.0209 

0.0279 

0.0228 

0.0293 

-0.0224 

0.0327 

0.0244 

0.0344 

-0.0240 

0.0380 

0.0260 

0.0402 

-0.0257 

0.0440 

0.0277 

0.0465 

-0.0274 

0.0506 

0.0294 

0.0534 

-0.0292 

0.0580 

0.0310 

0.0611 

-0.0311 

0.0660 

0.0326 

0.0694 

-0.0330 

0.0748 

0.0342 

0.0786 

-0.0350 

0.0845 

0.0358 

0.0886 

-0.0371 

0.0950 

0.0374 

0.0996 

-0.0393 

0.1064 

0.0389 

0.1115 

-0.0416 

0.1188 

0.0403 

0.1244 

-0.0440 

0.1322 

0.0417 

0.1383 

-0.0465 

0.1467 

0.0431 

0.1534 

-0.0491 

0.1623 

0.0443 

0.1696 

-0.0517 

0.1791 

0.0455 

0.1870 

-0.0543 

0.1971 

0.0466 

0.2056 

-0.0569 

0.2162 

0.0475 

0.2255 

-0.0595 

0.2366 

0.0483 

0.2466 

-0.0620 

0.2582 

0.0489 

0.2690 

-0.0644 

0.2809 

0.0494 

0.2926 

-0.0667 

0.3049 

0.0497 

0.3173 

-0.0687 

0.3300 

0.0498 

0.3433 

-0.0705 

0.3561 

0.0496 

0.3703 

-0.0720 

0.3833 

0.0492 

0.3983 

-0.0730 

0.4113 

0.0485 

0.4271 

-0.0737 

0.4402 

0.0476 

0.4568 

-0.0738 

0.4697 

0.0463 

0.4870 

-0.0733 

0.4997 

0.0447 

0.5177 

-0.0723 

0.5302 

0.0427 

0.5487 

-0.0706 

0.5608 

0.0403 

0.5798 

-0.0685 

0.5915 

0.0376 

0.6109 

-0.0658 

0.6221 

0.0345 

0.6417 

-0.0628 

0.6524 

0.0311 

0.6722 

-0.0595 

0.6823 

0.0274 

0.7021 

-0.0562 

0.7116 

0.0234 

0.7313 

-0.0529 

0.7402 

0.0191 

0.7597 

-0.0497 

0.7680 

0.0147 

0.7872 

-0.0469 

0.7948 

0.0100 

0.8137 

-0.0444 

0.8206 

0.0052 

0.8391 

-0.0424 

0.8453 

0.0003 

0.8633 

-0.0408 

0.8689 

-0.0046 

0.8864 

-0.0398 

0.8913 

-0.0096 

0.9083 

-0.0392 

0.9125 

-0.0145 

0.9290 

-0.0390 

0.9324 

-0.0193 

0.9486 

-0.0393 

0.9511 

-0.0241 

0.9669 

-0.0401 

0.9686 

-0.0290 

0.9840 

-0.0413 

0.9850 

-0.0340 

1.0000 

-0.0428 

1.0000 

-0.0387 




BL^15?762| rj~= 

0.396 | c 

= 8.492 

LE at FS 39.646, WL -0.971 

Upper surface 

Lower surface 

x/c 

z/c 

x/c 

z/c 

0.0000 

0.0000 

0.0000 

0.0000 

0.0003 

0.0025 

0.0001 

-0.0021 

0.0006 

0.0036 

0.0003 

-0.0032 

0.0010 

0.0048 

0.0005 

-0.0040 

0.0015 

0.0059 

0.0009 

-0.0051 

0.0022 

0.0071 

0.0015 

-0.0064 

0.0030 

0.0083 

0.0023 

-0.0077 

0.0041 

0.0097 

0.0034 

-0.0092 

0.0053 

0.0109 

0.0048 

-0.0106 

0.0068 

0.0123 

0.0065 

-0.0121 

0.0087 

0.0138 

0.0085 

-0.0136 

0.0108 

0.0152 

0.0109 

-0.0151 

0.0134 

0.0167 

0.0137 

-0.0166 

0.0164 

0.0182 

0.0169 

-0.0181 

0.0198 

0.0197 

0.0205 

-0.0195 

0.0236 

0.0212 

0.0246 

-0.0210 

0.0279 

0.0228 

0.0293 

-0.0226 

0.0327 

0.0244 

0.0344 

-0.0242 

0.0380 

0.0260 

0.0402 

-0.0259 

0.0440 

0.0277 

0.0465 

-0.0276 

0.0506 

0.0294 

0.0534 

-0.0294 

0.0580 

0.0310 

0.0611 

-0.0312 

0.0660 

0.0326 

0.0694 

-0.0331 

0.0748 

0.0342 

0.0786 

-0.0350 

0.0845 

0.0358 

0.0886 

-0.0371 

0.0950 

0.0374 

0.0996 

-0.0392 

0.1064 

0.0389 

0.1115 

-0.0414 

0.1188 

0.0404 

0.1244 

-0.0437 

0.1322 

0.0418 

0.1383 

-0.0461 

0.1467 

0.0432 

0.1534 

-0.0485 

0.1623 

0.0445 

0.1696 

-0.0510 

0.1791 

0.0457 

0.1870 

-0.0534 

0.1971 

0.0468 

0.2056 

-0.0559 

0.2162 

0.0478 

0.2255 

-0.0583 

0.2366 

0.0487 

0.2466 

-0.0606 

0.2582 

0.0494 

0.2690 

-0.0629 

0.2809 

0.0499 

0.2926 

-0.0649 

0.3049 

0.0503 

0.3173 

-0.0668 

0.3300 

0.0505 

0.3433 

-0.0684 

0.3561 

0.0504 

0.3703 

-0.0696 

0.3833 

0.0501 

0.3983 

-0.0705 

0.4113 

0.0496 

0.4271 

-0.0709 

0.4402 

0.0488 

0.4568 

-0.0707 

0.4697 

0.0476 

0.4870 

-0.0700 

0.4997 

0.0462 

0.5177 

-0.0687 

0.5302 

0.0443 

0.5487 

-0.0668 

0.5608 

0.0421 

0.5798 

-0.0643 

0.5915 

0.0396 

0.6109 

-0.0614 

0.6221 

0.0367 

0.6417 

-0.0581 

0.6524 

0.0335 

0.6722 

-0.0545 

0.6823 

0.0300 

0.7021 

-0.0510 

0.7116 

0.0262 

0.7313 

-0.0475 

0.7402 

0.0221 

0.7597 

-0.0442 

0.7680 

0.0178 

0.7872 

-0.0413 

0.7948 

0.0132 

0.8137 

-0.0388 

0.8206 

0.0086 

0.8391 

-0.0368 

0.8453 

0.0038 

0.8633 

-0.0354 

0.8689 

-0.0010 

0.8864 

-0.0344 

0.8913 

-0.0059 

0.9083 

-0.0340 

0.9125 

-0.0107 

0.9290 

-0.0341 

0.9324 

-0.0155 

0.9486 

-0.0347 

0.9511 

-0.0203 

0.9669 

-0.0357 

0.9686 

-0.0251 

0.9839 

-0.0373 

0.9850 

-0.0300 

1.0000 

-0.0391 

1.0000 

-0.0348 






Table I. Continued 


BL = 23.912 | rj = 

0.600 | c 

= 6.532 | 

LE at FS 43.295, WL -0.288 j 

Upper surface 

Lower surface 

x/c 

z/c 

x/c 

z/c 

0.0000 

0.0000 

0.0000 

0.0000 

0.0003 

0.0028 

0.0001 

-0.0019 

0.0006 

0.0040 

0.0003 

-0.0031 

0.0010 

0.0051 

0.0005 

-0.0039 

0.0015 

0.0062 

0.0009 

-0.0051 

0.0022 

0.0075 

0.0015 

-0.0065 

0.0030 

0.0088 

0.0023 

-0.0079 

0.0041 

0.0102 

0.0034 

-0.0095 

0.0053 

0.0115 

0.0048 

-0.0111 

0.0068 

0.0129 

0.0065 

-0.0127 

0.0087 

0.0145 

0.0085 

-0.0143 

0.0108 

0.0160 

0.0109 

-0.0160 

0.0134 

0.0176 

0.0137 

-0.0177 

0.0164 

0.0192 

0.0169 

-0.0194 

0.0198 

0.0209 

0.0205 

-0.0210 

0.0236 

0.0225 

0.0246 

-0.0227 

0.0279 

0.0241 

0.0293 

-0.0243 

0.0327 

0.0258 

0.0344 

-0.0260 

0.0380 

0.0274 

0.0402 

-0.0277 

0.0440 

0.0291 

0.0465 

-0.0293 

0.0506 

0.0308 

0.0534 

-0.0309 

0.0580 

0.0324 

0.0611 

-0.0326 

0.0660 

0.0341 

0.0694 

-0.0342 

0.0748 

0.0357 

0.0786 

-0.0359 

0.0845 

0.0374 

0.0886 

-0.0377 

0.0950 

0.0391 

0.0996 

-0.0394 

0.1064 

0.0407 

0.1115 

-0.0412 

0.1188 

0.0424 

0.1244 

-0.0430 

0.1322 

0.0440 

0.1383 

-0.0447 

0.1467 

0.0456 

0.1534 

-0.0465 

0.1623 

0.0471 

0.1696 

-0.0482 

0.1791 

0.0487 

0.1870 

-0.0499 

0.1971 

0.0501 

0.2056 

-0.0515 

0.2162 

0.0515 

0.2255 

-0.0530 

0.2366 

0.0528 

0.2466 

-0.0544 

0.2582 

0.0539 

0.2690 

-0.0557 

0.2809 

0.0550 

0.2926 

-0.0568 

0.3049 

0.0559 

0.3173 

-0.0576 

0.3300 

0.0566 

0.3433 

-0.0582 

0.3561 

0.0572 

0.3703 

-0.0584 

0.3833 

0.0576 

0.3983 

-0.0582 

0.4113 

0.0578 

0.4270 

-0.0576 

0.4402 

0.0577 

0.4567 

-0.0563 

0.4697 

0.0574 

0.4869 

-0.0543 

0.4997 

0.0568 

0.5176 

-0.0517 

0.5302 

0.0559 

0.5486 

-0.0483 

0.5608 

0.0547 

0.5797 

-0.0442 

0.5915 

0.0532 

0.6108 

-0.0396 

0.6221 

0.0515 

0.6416 

-0.0346 

0.6524 

0.0494 

0.6721 

-0.0293 

0.6823 

0.0471 

0.7020 

-0.0241 

0.7116 

0.0444 

0.7312 

-0.0191 

0.7402 

0.0415 

0.7596 

-0.0146 

0.7680 

0.0383 

0.7871 

-0.0107 

0.7948 

0.0349 

0.8136 

-0.0074 

0.8206 

0.0312 

0.8390 

-0.0051 

0.8453 

0.0273 

0.8632 

-0.0036 

0.8689 

0.0233 

0.8863 

-0.0029 

0.8913 

0.0191 

0.9082 

-0.0030 

0.9125 

0.0149 

0.9289 

-0.0039 

0.9324 

0.0106 

0.9485 

-0.0055 

0.9511 

0.0062 

0.9668 

-0.0076 

0.9686 

0.0018 

0.9839 

—0.0104 

0.9850 

-0.0029 

0.9999 

-0.0135 

1.0000 

-0.0077 




BL = 17.017 | rj = 

0.427 | c 

= 8.062 | 

LE at FS 40.249, WL -0.860 ! 

Upper surface 

Lower surface 

x/c 

z/c 

x/c 

z/c 

0.0000 

0.0000 

0.0000 

0.0000 

0.0003 

0.0025 

0.0001 

-0.0021 

0.0006 

0.0037 

0.0003 

-0.0033 

0.0010 

0.0048 

0.0005 

-0.0040 

0.0015 

0.0060 

0.0009 

-0.0052 

0.0022 

0.0072 

0.0015 

-0.0065 

0.0030 

0.0084 

0.0023 

-0.0079 

0.0041 

0.0098 

0.0034 

-0.0093 

0.0053 

0.0111 

0.0048 

-0.0109 

0.0068 

0.0125 

0.0065 

-0.0124 

0.0087 

0.0140 

0.0085 

-0.0139 

0.0108 

0.0154 

0.0109 

-0.0155 

0.0134 

0.0169 

0.0137 

-0.0171 

0.0164 

0.0185 

0.0169 

-0.0186 

0.0198 

0.0201 

0.0205 

-0.0202 

0.0236 

0.0216 

0.0246 

-0.0217 

0.0279 

0.0232 

0.0293 

-0.0233 

0.0327 

0.0248 

0.0344 

-0.0250 

0.0380 

0.0265 

0.0402 

-0.0267 

0.0440 

0.0281 

0.0465 

-0.0285 

0.0506 

0.0298 

0.0534 

-0.0302 

0.0580 

0.0315 

0.0611 

-0.0320 

0.0660 

0.0331 

0.0694 

-0.0339 

0.0748 

0.0347 

0.0786 

-0.0358 

0.0845 

0.0363 

0.0886 

-0.0378 

0.0950 

0.0379 

0.0996 

-0.0398 

0.1064 

0.0394 

0.1115 

-0.0419 

0.1188 

0.0409 

0.1244 

-0.0441 

0.1322 

0.0424 

0.1383 

-0.0463 

0.1467 

0.0438 

0.1534 

-0.0485 

0.1623 

0.0452 

0.1696 

-0.0508 

0.1791 

0.0464 

0.1870 

-0.0531 

0.1971 

0.0476 

0.2056 

-0.0553 

0.2162 

0.0487 

0.2255 

-0.0575 

0.2366 

0.0496 

0.2466 

-0.0596 

0.2582 

0.0504 

0.2690 

-0.0616 

0.2809 

0.0511 

0.2926 

-0.0634 

0.3049 

0.0515 

0.3173 

-0.0650 

0.3300 

0.0518 

0.3433 

-0.0663 

0.3561 

0.0519 

0.3703 

-0.0673 

0.3833 

0.0517 

0.3983 

-0.0679 

0.4113 

0.0514 

0.4271 

-0.0680 

0.4402 

0.0507 

0.4568 

-0.0675 

0.4697 

0.0497 

0.4870 

-0.0664 

0.4997 

0.0484 

0.5177 

-0.0647 

0.5302 

0.0467 

0.5487 

-0.0624 

0.5608 

0.0448 

0.5798 

-0.0595 

0.5915 

0.0424 

0.6109 

-0.0561 

0.6221 

0.0398 

0.6416 

-0.0524 

0.6524 

0.0368 

0.6721 

-0.0484 

0.6823 

0.0336 

0.7020 

-0.0445 

0.7116 

0.0300 

0.7312 

-0.0407 

0.7402 

0.0261 

0.7596 

-0.0372 

0.7680 

0.0220 

0.7871 

-0.0341 

0.7948 

0.0176 

0.8136 

-0.0315 

0.8206 

0.0131 

0.8390 

-0.0295 

0.8453 

0.0085 

0.8632 

-0.0281 

0.8689 

0.0038 

0.8863 

-0.0274 

0.8913 

-0.0009 

0.9082 

-0.0272 

0.9125 

-0.0056 

0.9289 

-0.0276 

0.9324 

-0.0103 

0.9485 

-0.0285 

0.9511 

-0.0150 

0.9668 

-0.0299 

0.9686 

-0.0197 

0.9839 

-0.0319 

0.9850 

-0.0247 

0.9999 

-0.0341 

1.0000 

-0.0294 






Table I. Concluded 


BL = 33.158 | rj = 

0.832 | c 

= 4.591 ! 

LE at FS 47.341, WL 0.471 j 

Upper surface 

Lower surface 

x/c 

z/c 

x/c 

z/c 

0.0000 

0.0000 

0.0000 

0.0000 

0.0003 

0.0032 

0.0001 

-0.0016 

0.0006 

0.0044 

0.0003 

-0.0028 

0.0010 

0.0056 

0.0005 

-0.0036 

0.0015 

0.0068 

0.0009 

-0.0049 

0.0022 

0.0082 

0.0015 

-0.0063 

0.0030 

0.0095 

0.0023 

-0.0078 

0.0041 

0.0110 

0.0034 

-0.0094 

0.0053 

0.0124 

0.0048 

-0.0111 

0.0068 

0.0139 

0.0065 

-0.0128 

0.0087 

0.0156 

0.0085 

-0.0145 

0.0108 

0.0173 

0.0109 

-0.0163 

0.0134 

0.0190 

0.0137 

-0.0180 

0.0164 

0.0209 

0.0169 

-0.0198 

0.0198 

0.0227 

0.0205 

-0.0215 

0.0236 

0.0245 

0.0246 

-0.0232 

0.0279 

0.0264 

0.0293 

-0.0249 

0.0327 

0.0282 

0.0344 

-0.0266 

0.0380 

0.0301 

0.0402 

-0.0282 

0.0440 

0.0319 

0.0465 

-0.0298 

0.0506 

0.0338 

0.0534 

-0.0314 

0.0580 

0.0357 

0.0611 

-0.0329 

0.0660 

0.0375 

0.0694 

-0.0344 

0.0748 

0.0393 

0.0786 

-0.0358 

0.0845 

0.0412 

0.0886 

-0.0373 

0.0950 

0.0431 

0.0996 

-0.0387 

0.1064 

0.0449 

0.1115 

-0.0401 

0.1188 

0.0468 

0.1244 

-0.0414 

0.1322 

0.0487 

0.1383 

-0.0427 

0.1467 

0.0505 

0.1534 

-0.0440 

0.1623 

0.0524 

0.1696 

-0.0451 

0.1791 

0.0542 

0.1870 

-0.0462 

0.1971 

0.0560 

0.2056 

-0.0472 

0.2162 

0.0577 

0.2255 

-0.0481 

0.2366 

0.0594 

0.2466 

-0.0488 

0.2582 

0.0610 

0.2690 

-0.0493 

0.2809 

0.0625 

0.2926 

-0.0496 

0.3049 

0.0639 

0.3172 

-0.0496 

0.3300 

0.0652 

0.3433 

-0.0494 

0.3561 

0.0663 

0.3702 

-0.0488 

0.3833 

0.0673 

0.3982 

-0.0477 

0.4113 

0.0681 

0.4270 

-0.0462 

0.4402 

0.0688 

0.4567 

-0.0441 

0.4697 

0.0692 

0.4869 

-0.0413 

0.4997 

0.0694 

0.5176 

-0.0379 

0.5302 

0.0694 

0.5486 

-0.0337 

0.5608 

0.0691 

0.5797 

-0.0289 

0.5915 

0.0686 

0.6108 

-0.0235 

0.6221 

0.0677 

0.6416 

-0.0178 

0.6524 

0.0666 

0.6721 

-0.0117 

0.6823 

0.0653 

0.7020 

-0.0058 

0.7116 

0.0636 

0.7312 

-0.0001 

0.7402 

0.0616 

0.7596 

0.0052 

0.7680 

0.0594 

0.7871 

0.0098 

0.7948 

0.0569 

0.8136 

0.0137 

0.8206 

0.0541 

0.8390 

0.0168 

0.8453 

0.0511 

0.8632 

0.0190 

0.8689 

0.0478 

0.8863 

0.0204 

0.8913 

0.0443 

0.9082 

0.0210 

0.9125 

0.0406 

0.9289 

0.0208 

0.9324 

0.0368 

0.9485 

0.0200 

0.9511 

0.0328 

0.9668 

0.0184 

0.9686 

0.0288 

0.9838 

0.0164 

0.9850 

0.0248 

0.9998 

0.0143 

1.0000 

0.0211 




BL = 39.834 | rj = 

1.000 | c 

= 3.188 

LE at FS 50.264, WL 1.029 

Upper surface | 

Lower surface 

x/c 

z/c 

x/c 

z/c 

0.0000 

0.0000 

0.0000 

0.0000 

0.0003 

0.0032 

0.0001 

-0.0012 

0.0006 

0.0044 

0.0003 

-0.0023 

0.0010 

0.0056 

0.0005 

-0.0031 

0.0015 

0.0067 

0.0009 

-0.0043 

0.0022 

0.0081 

0.0015 

-0.0056 

0.0030 

0.0094 

0.0023 

-0.0070 

0.0041 

0.0109 

0.0034 

-0.0085 

0.0053 

0.0123 

0.0048 

-0.0100 

0.0068 

0.0139 

0.0065 

-0.0115 

0.0087 

0.0156 

0.0085 

-0.0130 

0.0108 

0.0173 

0.0109 

-0.0144 

0.0134 

0.0191 

0.0137 

-0.0159 

0.0164 

0.0210 

0.0169 

-0.0173 

0.0198 

0.0228 

0.0205 

-0.0188 

0.0236 

0.0247 

0.0246 

-0.0201 

0.0279 

0.0266 

0.0293 

-0.0216 

0.0327 

0.0286 

0.0344 

-0.0229 

0.0380 

0.0305 

0.0402 

-0.0242 

0.0440 

0.0325 

0.0465 

-0.0255 

0.0506 

0.0345 

0.0534 

-0.0267 

0.0580 

0.0365 

0.0611 

-0.0280 

0.0660 

0.0386 

0.0694 

-0.0292 

0.0748 

0.0406 

0.0786 

-0.0305 

0.0845 

0.0428 

0.0886 

-0.0317 

0.0950 

0.0449 

0.0996 

-0.0329 

0.1064 

0.0470 

0.1115 

-0.0341 

0.1188 

0.0492 

0.1244 

-0.0353 

0.1322 

0.0514 

0.1383 

-0.0363 

0.1467 

0.0537 

0.1534 

-0.0374 

0.1623 

0.0559 

0.1696 

-0.0383 

0.1791 

0.0582 

0.1870 

-0.0392 

0.1971 

0.0605 

0.2056 

-0.0399 

0.2162 

0.0627 

0.2255 

-0.0406 

0.2366 

0.0650 

0.2466 

-0.0410 

0.2582 

0.0672 

0.2689 

-0.0412 

0.2809 

0.0694 

0.2926 

-0.0412 

0.3049 

0.0714 

0.3173 

-0.0409 

0.3300 

0.0734 

0.3432 

-0.0402 

0.3561 

0.0753 

0.3702 

-0.0392 

0.3833 

0.0770 

0.3982 

-0.0376 

0.4113 

0.0786 

0.4270 

-0.0355 

0.4402 

0.0801 

0.4567 

-0.0327 

0.4697 

0.0813 

0.4869 

-0.0293 

0.4997 

0.0823 

0.5176 

-0.0251 

0.5302 

0.0830 

0.5486 

-0.0203 

0.5608 

0.0835 

0.5797 

-0.0148 

0.5915 

0.0837 

0.6108 

-0.0088 

0.6221 

0.0835 

0.6416 

-0.0024 

0.6524 

0.0832 

0.6721 

0.0042 

0.6823 

0.0825 

0.7019 

0.0109 

0.7116 

0.0815 

0.7312 

0.0172 

0.7402 

0.0803 

0.7595 

0.0231 

0.7680 

0.0788 

0.7871 

0.0285 

0.7948 

0.0770 

0.8135 

0.0331 

0.8206 

0.0750 

0.8389 

0.0370 

0.8453 

0.0727 

0.8631 

0.0400 

0.8689 

0.0702 

0.8862 

0.0422 

0.8913 

0.0674 

0.9081 

0.0435 

0.9125 

0.0645 

0.9288 

0.0441 

0.9324 

0.0615 

0.9484 

0.0440 

0.9511 

0.0583 

0.9667 

0.0432 

0.9686 

0.0552 

0.9838 

0.0419 

0.9850 

0.0520 

0.9998 

0.0403 

1.0000 

0.0491 






TABLE II. Location of Wing Pressure Orifices by Fuselage Station 
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* Upper-surface orifice only. 
fLower-surface orifice only. 




Table III. Location of ATF Nacelle-Pylon Pressure Orifices by Fuselage Station 
[Linear dimensions are in inches] 

(a) y/(b/ 2) = 0.340 


Pylon external orifices 

Inboard 

Outboard 

FS 

WL 

FS 

WL 

31.275 

-1.964 



32.235 

-1.964 

32.235 

-1.964 

33.594 

-1.964 

33.594 

-1.964 

34.593 

-1.964 

34.593 

-1.964 

36.313 

-1.964 

36.313 

-1.964 

37.672 

-1.964 

37.672 

-1.964 

39.032 

-1.964 

39.032 

-1.964 

39.430 

-2.195 

39.430 

-2.195 

40.775 

-2.195 

40.775 

-2.195 

42.826 

-2.195 

42.826 

-2.195 

43.811 

-2.195 

43.811 

-2.195 


Nacelle external orifices 

FS for <f> of — 

30°/330° 

90°/270° 

180° 

Fan cowl 

28.923 

29.000 

29.113 

30.910 

30.910 

30.910 

32.910 

32.910 

32.910 

34.910 

34.910 

34.910 

35.910 

35.910 

35.910 

36.660 

36.660 

36.660 

Core cowl 

36.718 

36.718 

36.718 

37.343 

37.343 

37.343 

38.293 

38.293 

38.293 

39.243 

39.243 

39.243 


Nacelle internal orifices 
FS for g of — 


0 ° 


31.860 


35.844 


90° 


31.860 


35.844 


Fan cowl 


Core cowl 


180° 


31.860 


35.844 


270° 


31.860 


35.844 






Table III. Concluded 
(b) y/(b/ 2) = 0.400 


Pylon external orifices 



Nacelle internal orifices 
FS for 0 of — 






Table IV. Location of SF-1 Nacelle-Pylon Pressure Orifices by Fuselage Station 
[Linear dimensions are in inches] 


Pylon external orifices 

Inboard 

Outboard 

FS 

WL 

FS 

WL 

32.533 

-1.589 



33.983 

-1.589 

33.983 

-1.589 

35.233 

-1.589 

35.233 

-1.589 

36.483 

-1.589 

36.483 

-1.589 

37.733 

-1.589 

37.733 

-1.589 

38.983 

-1.589 

38.983 

-1.589 

39.733 

-1.589 

39.733 

-1.589 

40.733 

-1.829 

40.733 

-1.829 

41.971 

-2.040 

41.971 

-1.926 

43.221 

-2.082 

43.221 

-2.017 

44.471 

-2.016 

44.471 

-1.993 


Nacelle external orifices 

FS for (j> of — 

30°/330° 

90°/270° 

180° 

Fan cowl 

30.876 

30.876 

30.876 

31.641 

31.641 

31.641 

32.641 

32.641 

32.641 

34.141 

34.141 

34.141 

35.141 

35.141 

35.141 

36.141 

36.141 

36.141 

37.141 

37.141 

37.141 

37.876 

37.876 

37.876 

Centerbody 

37.991 

37.991 

37.991 

39.176 

39.176 

39.176 

40.176 

40.176 

40.176 


307330° 

32.876 


Nacelle internal orifices 


FS for 0 of — 


90 o /270° 


180° 


Fan cowl 
32.876 


32.876 






Table V. Location of SF-2 Nacelle-Pylon Pressure Orifices by Fuselage Station 
[Linear dimensions are in inches] 


Pylon external orifices 

Inboard 

Outboard 

FS 

WL 

FS 

WL 

33.406 

-1.603 



34.606 

-1.603 

34.606 

-1.603 

36.106 

-1.603 

36.106 

-1.603 

37.606 

-1.603 

37.606 

-1.603 

39.106 

-1.603 

39.106 

-1.603 

39.856 

-1.603 

39.856 

-1.603 

41.356 

-2.006 

41.356 

-1.964 

42.856 

-1.987 

42.856 

-1.979 

44.356 

-2.003 

44.356 

-2.003 

45.856 

-2.003 

45.856 

-2.003 


Nacelle external orifices 

FS for 0 of — 

0° 

30°/330° 

907270° 

180° 

Centerbody 

29.565 



29.565 

30.065 



30.065 

31.065 



31.065 

32.115 



32.115 

Fan cowl 


32.045 

32.183 

32.348 


34.106 

34.106 

34.106 


35.106 

35.106 

35.106 


36.106 

36.106 

36.106 


37.106 

37.106 

37.106 


37.856 

37.856 

37.856 

Core cowl 


36.848 

36.848 

36.848 


38.863 

38.863 

38.863 


39.863 

39.863 

39.863 


40.586 

40.586 

40.586 


Nacelle internal orifices 


FS for d> of 


0 ° 


90° 


180° 


270° 


Fan cowl 


33.781 


33.781 


Core cowl 


39.703 


39.703 
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Table VI. Data Points Nearest the Cruise Lift Coefficient (Cl = 0.55) 
for Test Mach Numbers of 0.50, 0.77, and 0.80 


Configuration 

M 

C L 

Clean wing 

0.50 

0.564 

0.77 

0.527 

0.80 

0.556 

With ATF at 77 = 0.340 

0.50 

0.558 

0.77 

0.552 

0.80 

0.550 

With ATF at r) = 0.400 

0.50 

0.557 

0.77 

0.545 

0.80 

0.545 

With SF -1 at 77 = 0.400 

0.50 

0.544 

0.77 

0.527 

0.80 

0.532 

With SF-2 at 77 = 0.400 

0.50 

0.556 

0.77 

0.539 

0.80 

0.554 




000 ’08 



(a) General characteristics. Linear dimensions are in inches. 
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(b) Photograph of model without nacelles installed in Langley 16-Foot Transonic Tunnel. 


■TOP VIEW- - 
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FS 

13.500 


FS 

62.000 


FS 
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— SIDE VIEW- 


Major 


FS 

19.500 


FS 

32.057 


FS 

48.119 


Transition flat- 


80.000 


Ellipsoidal nose coordinates 

FS, in. 

R, in. 

0.000 

0.000 

0.100 

0.547 
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0.772 

0.250 

0.862 

0.375 
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0.500 

1.213 
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1.000 
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i 2.062 

2.000 

2.357 

2.500 

2.609 

3.500 

3.023 

4.500 

3.354 

5.500 

3.625 

6.500 

3.848 

7.500 

4.031 

9.500 

4.298 

11.500 

4.450 

13.500 

4.500 


Elliptical cross sections 


FS, in. 

Major axis, in. 

Minor axis, in. 

62.000 

9.000 

9.000 

63.000 

8.990 

8.957 

64.000 

8.958 

8.828 

65.000 

8.906 

8.612 

65.500 

8.873 

8.470 

66.000 

8.834 

8.307 

66.102 

i 8.825 

8.271 

66.500 
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8.131 
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7.955 
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68.000 

8.625 

7.602 

68.500 

8.600 

7.426 

69.000 

8.490 

7.249 

69.500 

8.414 

7.073 

70.000 

8.333 

6.897 

70.500 

8.247 

6.720 

71.000 

8.156 

6.544 

71.500 

8.059 

6.368 

72.000 

7.958 

6.191 

72.500 

7.850 

6.015 

73.000 

7.738 

5.839 

73.500 

7.620 

5.662 

74.000 

7.497 

5.486 

74.500 

7.369 

5.310 

75.000 

7.235 

5.133 

75.500 

7.096 

4.957 

76.000 

6.951 

4.781 


(a) Overall dimensions and cross-section descriptions. 
Figure 2. Fuselage geometry. Linear dimensions are in inches 
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(2 places) (4 places) 



(b) Details of afterbody, sting cavity, and base. 
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Figure 3. Details of wing geometry. Linear dimensions are in inches. 
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Figure 3. Continued. 
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Figure 3. Continued 
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(c) Trailing-edge and wing-fuselage fillet cross sections from FS 47.837 to end of fillet at FS 57.837. 
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Figure 5. Details of ATF nacelle. Linear dimensions are in inches. 
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(b) Cross section of typical pylon airfoil. 
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(c) Photograph of model with ATF nacelles at y/(b/ 2) = 0.40 installed in Langley 16-Foot Transonic Tunnel. 
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Figure 6. Details of SF-1 nacelle. Linear dimensions are in inches. 




Inboard and outboard sides of pylon 



(b) Cross section of typical pylon airfoil. 
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(c) Photograph of model with SF-1 nacelles at y/(b/2 ) = 0.40 installed in Langley 16-Foot Transonic Tunnel. 

Figure 6. Concluded. 
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Figure 7. Details of SF-2 nacelles. Linear dimensions are in inches. 
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(b) Cross section of typical pylon airfoil. 
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(c) Photograph of model with SF-2 nacelles at y/(b/ 2) = 0.40 installed in Langley 16-Foot Transonic Tunnel. 
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Figure 8. Sketches of wing with orifice locations. Linear dimensions are in inches. 




46 


Figure 9. Sketches of nacelle configurations showing distribution of orifices on right-hand nacelle. 
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RIGHT NACELLE, REARVIEW 
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UPPER SURFACE Fuselage centerline LOWER SURFACE 

Figure 10. Location of boundary-layer transition strips on wing. Linear dimensions are in inches. 
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Figure 11. Location of boundary-layer transition strips on fuselage nose. Linear dimensions are in inches. 
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(a) ATF nacelles. 

Figure 12. Location of boundary-layer transition strips on the nacelle configurations. Linear dimensions 
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on exterior of fan cowl and centerbody 

(b) SF-1 nacelles. 






Figure 12. Concluded. 
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(b) Moo = 0.77, 0.78, and 0.80. 
Figure 14. Concluded. 












.020 .025 .030 .035 .040 .045 .050 


( a ) fnac — 3°. 



.020 .025 .030 .035 .040 .045 .050 


(b) T nac = 1°. 

Figure 16. Drag polars for ATF nacelle installation with varying nacelle incidence angle or toe-in angle at 
77 = 0.40. Moo = 0.77. 
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.020 .025 .030 .035 .040 .045 .050 


( a ) -^nac — 3°. 



.020 .025 .030 .035 .040 .045 .050 


(b) T nac = 1°. 

Figure 17. Drag polars for SF-1 nacelle installation with varying nacelle incidence angle or toe-in angle at 
r] = 0.40. Moo = 0.77. 
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.020 .025 .030 .035 .040 .045 .050 


( a ) ^nac — 2°. 



.020 .025 .030 .035 .040 .045 .050 


(b) F nac — 1°- 

Figure 18. Drag polars for SF-2 nacelle installation with varying nacelle incidence angle or toe 
r] = 0.40. Moo - 0.77. 
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(a) Moo = 0.50. 

Figure 19. Comparisons of force and moment coefficients for ATF nacelles on and off at 77 = 0.34 and i] = 0.40. 
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Figure 19. Continued. 
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Figure 19. Continued. 
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Figure 19. Continued. 
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Figure 19. Continued. 
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Figure 19. Continued. 
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Figure 19. Concluded. 





68 


(a) Mqo = 0.50. 

Figure 20. Comparisons of force and moment coefficients for clean-wing, ATF, SF-1, and SF -2 nacelle 
configurations at 77 = 0.40. 
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Figure 20. Continued. 
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Figure 20. Continued. 
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Figure 20. Continued. 
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Figure 20. Continued. 
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Figure 20. Concluded. 
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Figure 21. Installation drag coefficient increment for all nacelle configurations at M 0 0 = 0.77 and C 
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Figure 22. Model drag-rise characteristics with and without nacelles at Cl = 0.55 
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(b) r] = 0.340, 0.375, and 0.400. 
Figure 23. Continued. 























Lower surface 



(c) T) = 0.428, 0.463, and 0.550. 
Figure 24. Continued. 
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(b) rj = 0.340, 0.375, and 0.400. 
Figure 25. Continued. 















(a) Upper surface. 

Figure 26. Influence of ATF nacelles installed at 77 = 0.40 on wing surface pressure coefficients for M 
and Cl « 0.55. Semispan stations y/(b/ 2 ) = 0.20 to 0.90 given to right of plot. 





(a) Upper surface. 

Figure 27. Influence of SF -1 nacelles installed at 77 = 0.40 on wing surface pressure coefficients for M, 
and Ci « 0.55. Semispan stations y/(b/ 2 ) = 0.20 to 0.90 given to right of plot. 
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(a) Upper surface. 

Figure 28. Influence of SF-2 nacelles installed at 77 = 0.40 on wing surface pressure coefficients for M 
and Cl ~ 0.55. Semispan stations y/(b/ 2) = 0.20 to 0.90 given to right of plot. 




(a) Upper surface. 

Figure 29. Influence of ATF nacelles installed at 77 = 0.40 on wing surface pressure coefficients for M 
and Ci ~ 0.55. Semispan stations y/(b/ 2 ) = 0.20 to 0.90 given to right of plot. 






(a) Upper surface. 

Figure 30. Influence of SF-1 nacelles installed at rj — 0.40 on wing surface pressure coefficients for M 
and Cl ~ 0.55. Semispan stations y/(b/ 2) = 0.20 to 0.90 given to right of plot. 
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Figure 31. Influence of SF-2 nacelles installed at rj = 0.40 on wing surface pressure coefficients for M 
and Ct ~ 0.55. Semispan stations y/(b/2) = 0.20 to 0.90 given to right of plot. 
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(a) Inboard. 

Figure 32. Pressure distributions for ATF nacelle at Mqq = 0.77 and Cl ~ 0.55 with nacelles mounted at 
r / = 0.400. 
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x, in. 


(a) Inboard. 

Figure 33. Pressure distributions for SF-1 nacelle at M ^ = 0.77 and ~ 0.55 with nacelles mounted at 













28 30 32 34 36 38 40 42 44 46 48 50 
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(a) Inboard. 

Figure 34. Pressure distributions for SF-2 nacelle at Mqq = 0.77 and C i ~ 0.55 with nacelles mounted at 
rj — 0.400. 
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x, in. 

(b) Outboard. 
Figure 34. Concluded. 


105 




REPORT DOCUMENTATION PAGE 


Form Approved 
OMB No. 0704-0188 


Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, 
gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this 
collection of information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson 
Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503. 


1. AGENCY USE ONLY ("Leave blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED 

March 1992 Technical Paper 


4. TITLE AND SUBTITLE 

Installation Effects of Wing-Mounted Turbofan Nacelle-Pylons on 
a 1/17-Scale, Twin-Engine, Low-Wing Transport Model 

5. FUNDING NUMBERS 

WU 535-03-10-01 

6. AUTHOR(S) 

Odis C. Pender graft, Jr., Anthony M. Ingraldi, Richard J. Re, and 
Timmy T. Kariya 


7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 

NASA Langley Research Center 
Hampton, VA 23665-5225 

8. PERFORMING ORGANIZATION 
REPORT NUMBER 

L- 16960 

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 

National Aeronautics and Space Administration 
Washington, DC 20546-0001 

10. SPONSORING/MONITORING 
AGENCY REPORT NUMBER 

NASA TP-3168 

11. SUPPLEMENTARY NOTES 

Pendergraft, Ingraldi, and Re: Langley Research Center, Hampton, VA; Kariya: ViGYAN, Inc., Hampton, 
VA. 

12a. DISTRIBUTION/AVAILABILITY STATEMENT 

12b. DISTRIBUTION CODE 

U nclassified-U nlimit ed 


Subject Category 02 



13. ABSTRACT (Maximum 200 words) 

A twin-engine, low-wing transport model, with a supercritical wing of aspect ratio 10.8 designed for a cruise 
Mach number of 0.77 and a lift coefficient of 0.55, was tested in the Langley 16-Foot Transonic Tunnel. The 
purpose of this test was to compare the wing-nacelle interference effects of flow-through nacelles simulating 
superfan engines (very high bypass ratio (BPR « 18) turbofan engines) with the wing-nacelle interference effects 
of current-technology turbofan engines (BPR « 6). Forces and moments on the complete model were measured 
with a strain-gage balance, and extensive external static-pressure measurements (383 orifice locations) were 
made on the wing, nacelles, and pylons of the model. Data were taken at Mach numbers from 0.50 to 0.80 and 
at model angles of attack from —4° to 8°. Test results indicate that flow-through nacelles with a very high 
bypass ratio can be installed on a low-wing transport model with a lower installation drag penalty than for a 
conventional turbofan nacelle at a design cruise Mach number of 0.77 and lift coefficient of 0.55. 


14. SUBJECT TERMS 15. NUMBER OF PAGES 

Swept supercritical wing; Low-wing transport model; Underwing nacelles; Very high 106 

bypass ratio; and superfan nacelles; Installation interference; Propulsion integration 16. PRICE CODE ~ 


A06 


17. SECURITY CLASSIFICATION 

18. SECURITY CLASSIFICATION 

19. SECURITY CLASSIFICATION 

20. LIMITATION 

OF REPORT 

OF THIS PAGE 

OF ABSTRACT 

OF ABSTRACT 

Unclassified 

Unclassified 



NSN 7540-01-280-5500 



Standard Form 298(Rev. 2-89) 

Prescribed by ANSI Std. Z39-18 


298-102 


NASA-Langley, 1992 
























